In eukaryotic cells, genomic DNA is folded with histone and non histone proteins to form discrete structural and functional chromatin domains 1 . The genome is organized into euchromatin and hetero chromatin domains by mechanisms that involve posttranslational modifications of histones and remodeling of nucleosomes [2] [3] [4] . Whereas heterochromatin is typically condensed and is generally inhibitory to the transcriptional machinery, euchromatin is less condensed and more readily transcribed 2 . Hypoacetylation of histones is one hall mark that distinguishes heterochromatin from euchromatin, and it is believed to be a critical feature required for the assembly of repressive chromatin 2,4,5 . Moreover, histone H3 lysine 9 (H3K9) is specifically methylated (H3K9me) in heterochromatic regions of the genome 2,3 . H3K9me serves to recruit conserved HP1 protein family members [6] [7] [8] . Heterochromatin plays an important part in the regulation of gene expression and also protects genome integrity by inhibiting unwanted recombination between repetitive DNA elements and facilitating proper segregation of chromosomes 2 .
In eukaryotic cells, genomic DNA is folded with histone and non histone proteins to form discrete structural and functional chromatin domains 1 . The genome is organized into euchromatin and hetero chromatin domains by mechanisms that involve posttranslational modifications of histones and remodeling of nucleosomes [2] [3] [4] . Whereas heterochromatin is typically condensed and is generally inhibitory to the transcriptional machinery, euchromatin is less condensed and more readily transcribed 2 . Hypoacetylation of histones is one hall mark that distinguishes heterochromatin from euchromatin, and it is believed to be a critical feature required for the assembly of repressive chromatin 2, 4, 5 . Moreover, histone H3 lysine 9 (H3K9) is specifically methylated (H3K9me) in heterochromatic regions of the genome 2, 3 . H3K9me serves to recruit conserved HP1 protein family members [6] [7] [8] . Heterochromatin plays an important part in the regulation of gene expression and also protects genome integrity by inhibiting unwanted recombination between repetitive DNA elements and facilitating proper segregation of chromosomes 2 .
Studies using the fission yeast S. pombe have contributed greatly to the understanding of heterochromatin assembly and its biological sig nificance 2 . Whereas H3K9me and associated factors can be detected at several sites across the S. pombe genome 9 , heterochromatin is pref erentially enriched across large domains at centromeres, subtelomeres and the silent matingtype locus 10 . At centromeres, pericentromeric regions containing tandem and inverted arrays of dg and dh repeats are assembled into heterochromatin 10, 11 . Similarly, heterochromatin coats extended domains at subtelomeres as well as at a 20kilobase (kb) domain at the matingtype region that includes the silent mating type cassettes mat2 and mat3 and a cenH element that shares strong homology with dg and dh repeats 10, 12 .
The dg and dh repeats and their homologous sequences are tran scribed by RNA polymerase II (RNAPII) 10, 13, 14 , producing transcripts that are processed into short interfering RNAs (siRNAs) by RNA interference (RNAi) factors, including Argonaute (Ago1), Dicer (Dcr1) and RNAdependent RNA polymerase (Rdp1) 15 . The process ing of repeatderived transcripts by RNAi is coupled to the loading of heterochromatin proteins. siRNAs are bound by Ago1, a subunit of the RNAinduced transcriptional silencing (RITS) complex that is composed of two additional proteins: Chp1 and Tas3 (ref. 16) . siRNA bound Ago1 assists in the localization of RITS to chromatin, which in turn is believed to target Clr4, a homolog of mammalian SUV39h that methylates H3K9 to nucleate heterochromatin 17, 18 . Additional RNAi independent mechanisms nucleate heterochromatin at the mat locus and at centromeres 19, 20 . Once nucleated, heterochromatin spreads across domains defined by boundary DNA elements [21] [22] [23] .
H3K9me facilitates the localization of chromodomain proteins required for diverse heterochromatin functions. Binding of the RITS subunit Chp1 to H3K9me is critical for the processing of heterochro maticrepeat transcripts 22, 24 . H3K9me also mediates recruitment of the HP1family proteins Chp2 and Swi6, which in turn associate with fac tors involved in transcriptional gene silencing (TGS), such as the Snf2-HDAC repressor complex (SHREC) containing Clr3 HDAC, Asf1-HIRA histone chaperone and Clr6 HDAC complexes [25] [26] [27] [28] [29] [30] . The antisilencing factor Epe1 also associates with Swi6 and facilitates transcription of hete rochromatic repeats [31] [32] [33] . Although heterochromatin precludes RNAPII accessibility at target loci, Epe1 counteracts these effects to allow RNAPII transcription of centromeric repeats that is required to generate siRNA precursors. The exact mechanisms by which TGS effectors and Epe1 modulate heterochromatin are not fully understood.
A r t i c l e s
The accessibility of DNA in eukaryotic genomes is largely deter mined by nucleosome stability 34, 35 . In euchromatin, histone exchange at regulatory elements provides access to factors involved in transcrip tion and other chromosomal processes [36] [37] [38] [39] . However, heterochro matic sequences are generally inaccessible to transacting factors. TGS effectors such as SHREC and Asf1-HIRA have been shown to influ ence nucleosome occupancy at discrete sites within heterochromatin domains including pericentromeric regions and the silent matingtype region 27, 30, 40 . However, these localized changes in nucleosome occu pancy that are restricted to specific sites cannot fully explain changes across extended domains that affect global expression patterns. A previous study reported that Clr4 and Swi6 affect histone dynamics at heterochromatic loci 41 . However, the relationship between nucleo some turnover and the epigenetic stability of heterochromatin was not explored. Moreover, whether heterochromatinassociated TGS effectors such as SHREC, which localize throughout heterochromatin domains, can preclude turnover of nucleosomes to assemble repres sive chromatin domains was not examined.
To gain insight into the mechanisms by which heterochromatin factors mediate assembly and propagation of repressive chromatin, we investigated the relationship between the epigenetic stability of heterochromatin and replicationindependent nucleosome turno ver. Our detailed analyses using chromatin immunoprecipitation combined with microarray (ChIPchip) show that heterochromatic silencing machinery prevents histone exchange across large chromo somal domains at both centromeres and the silent matingtype region. Clr3 HDAC, a component of a TGS effector, which is targeted to heterochromatic loci by H3K9me-HP1 or by alternative recruitment mechanisms, is required to inhibit histone turnover. We also demon strate that Epe1 counteracts heterochromatic silencing by promoting nucleosome turnover. These results suggest that histone deacetylation, one of the most conserved features of silenced chromatin domains in eukaryotes from yeast to humans, promotes heterochromatin stability by inhibiting turnover of histones.
RESULTS

Hetero- and euchromatin domains differ in histone turnover
Nucleosome stability affects the accessibility of underlying DNA sequences 34 . We therefore wondered whether heterochromatin and euchromatin differ in the dynamic properties of nucleosomes within these domains. To measure histone turnover, we used S. pombe cells expressing Cterminal Flagtagged histone H3 (H3Flag) under the control of the inv1 promoter, which can be rapidly induced by shift ing the growthmedium carbon source from glucose to sucrose 42 ( Fig. 1a) . H3Flag expression was induced after DNA replication was blocked by hydroxyurea (Fig. 1b,c) . We found that the tagged histone H3 was incorporated into chromatin, as indicated by methyla tion of tagged H3 at lysine 4 ( Supplementary Fig. 1b) . Crosslinked chromatin was digested to mononucleosomes by micrococcal nucle ase (MNase), followed by immunoprecipitation of Flagtagged H3. DNA isolated from immunoprecipitated chromatin was subjected to microarray analyses using a custom tiling array that covers hetero chromatic regions at 10basepair (bp) resolution and includes peri centromeric repeats, the silent matingtype region and ~225 kb of a euchromatic region from chromosome 2. We observed widespread exchange of histones in euchromatic regions (Fig. 1d,e) , consistent with results from budding yeast and Drosophila [36] [37] [38] [39] . In particular, histone exchange at gene promoters was more prominent, whereas we measured relatively modest levels of H3 replacement across the bodies of genes (Supplementary Fig. 1a) . Therefore, the low nucleo some occupancy at S. pombe promoters 43 might reflect the intrinsic dynamic behavior of histones at these sites.
In contrast to euchromatin, the pericentromeric and silent mating type regions are enriched in heterochromatin 10 and showed lower histoneH3 replacement (Fig. 1d,e) . These heterochromatic domains are largely occupied by nucleosomes, as indicated by the relatively few MNasehypersensitive sites compared to those of euchromatic The dotted lines and gap between mat2P and mat3M represent the probes that correspond to the cenH region, which are omitted, owing to cross-hybridization with centromeric repeats. Because nonswitching mat1M-Smt0 cells were used, signal mapping to mat3M may represent cross-hybridization to the mat1M locus.
A r t i c l e s regions (Fig. 1d,e) . We also detected H3 turnover at tRNA clusters and invertedrepeat heterochromatin boundaries at centromeres and the mat locus, respectively (Fig. 1d,e) . The histone exchange at these sites might directly delimit the spread of heterochromatin, as suggested in other systems 36, 39 , or help to expose binding sites for transacting factors. Indeed, tRNAs and inverted repeats, which are refractory to heterochromatin 30 , are bound by the transcription factor TFIIIC 23 .
RNAi and Clr4 regulate histone exchange at centromeres
The marked differences in histone replacement across heterochro matin domains compared with euchromatic regions prompted us to ask whether the heterochromatin machinery prevents nucleosome turnover. As a first step, we investigated the effects of loss of Dcr1 and Clr4, which causes severe defects in heterochromatin assembly at centromeres 6, 10, 15 . Deletion of either dcr1 or clr4 caused an increase in histoneH3 turnover across pericentromeric regions (Fig. 2a) . The increase in histone turnover in mutants as compared to wild type was not due to variation between microarrays and could be repro duced in biological replicates. To quantify these differences, we com pared normalized H3 turnover in each mutant to that in wild type by calculating the foldenrichment values across pericentromeric heterochromatin relative to a euchromatic region ( Supplementary  Fig. 2 ). These analyses revealed a more than twofold increase in histone turnover in dcr1 or clr4 mutants as compared to wild type. The observed changes extended beyond the dg and dh repeats and included the entire heterochromatincoated domain (Fig. 2a) . Notably, the elevated histone exchange throughout pericentromeric regions in clr4∆ cells could be detected readily within 15 min after H3Flag induction (Supplementary Fig. 3b ). Because H3Flag is barely detectable at this time point (Supplementary Fig. 3a) , the increased H3 exchange in heterochromatindefective mutants was probably not due to H3Flag overexpression. The observed differences in histone turnover in wildtype and mutant cells were not attributable to gross changes in histone occupancy in hydroxyureatreated cells, as revealed by ChIPchip analyses of endogenous H3 distributed across pericentromeric regions (Supplementary Fig. 3c ). Moreover, the nor malization of H3 turnover to total H3 measured under conditions used to induce H3Flag expression revealed that the increased histone exchange in dcr1∆ and clr4∆ is not due to increased H3 occupancy ( Supplementary Fig. 4a,b) . As expected, neither dcr1∆ nor clr4∆ showed a major increase in H3 replacement at euchromatic regions ( Supplementary Fig. 5 ). Because S. pombe cells spend the majority of their vegetative life cycle in the G2 phase of the cell cycle, we wondered whether the impact of clr4∆ on H3 exchange could be recapitulated in G2arrested cells. Loss of Clr4 also resulted in a marked increase in H3 turnover when H3Flag was expressed in cells blocked at the G2M boundary (Supplementary Fig. 6 ). Together, these results suggest involvement of heterochromatinassembly factors in the suppression of histone replacement across pericentromeric domains.
Heterochromatin and histone exchange at the mat locus
Heterochromatin at the mat region is nucleated by redundant mecha nisms that, in addition to RNAi, involve sequencespecific DNAbinding factors 19, 22 . We asked whether RNAi plays a part in the control of histone replacement across the silent matingtype region. Consistent with previous results showing that RNAi is dispensable for the mainte nance of heterochromatin at the mat locus 21 , the loss of Dcr1 had little or no effect on nucleosome replacement at this region (Fig. 2b) . 
A r t i c l e s
We next investigated the effect of loss of Clr4, which is essential for H3K9 methylation across the silent matingtype region. In contrast to a previous observation that Clr4 affects histone replacement across the entire silent matingtype region 41 , our analyses did not detect a domainwide increase in nucleosome turnover across this region in clr4∆ cells (Fig. 2b) . This may be due to differences in the resolution of the techniques used in the two studies. Whereas previous work compared the levels of histone deposition at heterochromatic regions to those at a reference euchromatic region by using conventional ChIP, we measured H3 turnover by using highresolution tiling micro arrays. Notably, loss of Clr4 also did not cause a major increase in H3 exchange in G2arrested cells at the mat region ( Supplementary  Fig. 6c ). These observations are consistent with the finding that loss of Clr4 alone has only a minor effect on the silencing of endogenous mat2 and mat3 loci 44 but is required for the spreading of repressive chromatin and the silencing of reporter genes artificially inserted in this region 17, 22 .
HP1 proteins cooperate to control histone exchange
The HP1family proteins Chp2 and Swi6, which bind methylated H3K9, are enriched across heterochromatin domains and perform overlapping functions in transcriptional gene silencing 29 . Whereas the chp2∆ or swi6∆ single mutants display modestly affected expression of target loci, the chp2∆ swi6∆ double mutant exhibits a severe loss of heterochromatic silencing at centromeres 29 . To explore whether HP1 proteins have a role in preventing histone turnover, we ana lyzed histoneH3 exchange in the single and doubleHP1mutant cells (Fig. 3) . The loss of Chp2 or Swi6 alone slightly increased his tone replacement at pericentromeric regions (Fig. 3a) . However, the double mutant that lacks both of these factors showed a more than twofold increase in H3 replacement, comparable with that observed in clr4∆ or dcr1∆ cells (Supplementary Fig. 2 and Fig. 3a) . In contrast, loss of either or both of the HP1 proteins only modestly altered H3 replacement at the silent matingtype region (Fig. 3b) . Together, these observations suggest that HP1 proteins mediate the downstream effects of the Clr4 methyltransferase to suppress histone exchange at pericentromeric regions. However, as with Clr4 loss, loss of these proteins has little effect at the mat locus, which raises the possibility that factors working independently of the H3K9meHP1 pathway compensate to preclude histone turnover at this domain.
Clr3 HDAC is required for suppression of histone turnover HP1 proteins might directly suppress histone exchange at hetero chromatic loci, but H3K9me-HP1 also serves as a platform for recruitment as well as for spreading of effectors involved in tran scriptional silencing. In light of the observations that Clr4 and HP1 proteins have modest effects on histone turnover at the silent mating type region (Figs. 2b and 3b) , we wondered whether TGS effectors targeted by HP1dependent or HP1independent mechanisms are critical for preventing histone turnover. Indeed, although Clr4 and HP1 are essential for localization of SHREC across pericentromeric regions 27, 29 , the components of SHREC, including Clr3 HDAC, are targeted to the silent mat region by additional recruitment mecha nisms 26, 45 . We therefore tested whether Clr3 is involved in precluding 
A r t i c l e s
histone turnover, which may also explain the differential effects of Clr4 and HP1 on nucleosome replacement at centromeres and the mat locus. Notably, clr3∆ cells showed a domainwide increase in histone turnover both at the silent matingtype region and the pericentromeric domains (Fig. 4a,b) . The increase in H3 turnover correlated with defective silencing (Supplementary Fig. 7 ) 26, 27 and supports a functional connection between histone replacement and heterochromatic silencing.
Heterochromatin and cotranscriptional histone exchange
Given the potential impact of RNAPII transcription on histone replacement [46] [47] [48] , we considered that the increase in H3 turnover in the clr3∆ mutant might be linked to elevated RNAPII transcription of heterochromatic sequences. However, we found that high histoneH3 turnover within the silent matingtype region were observed in clr3∆ even at sites that show no detectable increase in RNAPII transcrip tion (Fig. 5a,b) . This result suggests that changes in H3 replacement across the heterochromatin domain cannot solely be explained by transcriptioncoupled turnover of nucleosomes.
Epe1 stimulates histone turnover across heterochromatin
As mentioned previously, the JmjC domain-containing antisilencing factor Epe1 binds Swi6 and counteracts heterochromatic silencing by 49 Fig. 6a and Supplementary Fig. 2 ). However, H3 turnover was suppressed in ago1∆ epe1∆ cells, to levels comparable with those of wildtype cells ( Fig. 6a and Supplementary Fig. 2) . Notably, the suppression of H3 replacement caused by epe1∆ correlated with the restoration of centromeric silencing (Fig. 6b) as well as with the sup pression of sensitivity to the microtubuledestabilizing drug thiaben dazole (TBZ) observed in ago1∆ cells (Fig. 6c) . Epe1 levels are tightly regulated 50 , and its overproduction impairs heterochromatic silencing 31, 33, 51 . Notably, overexpression of Epe1 caused a more than twofold increase in the replacement of H3 across the pericentromeric domain ( Fig. 6a and Supplementary Fig. 2 ). Taken together, these results suggest a new role for a JmjCfamily proteins in the dynamic turnover of nucleosomes and establish an important functional link between histone replacement and hetero chromatic silencing.
Histone turnover and epigenetic stability of heterochromatin
A remarkable feature of heterochromatin is that the silenced chroma tin state can be propagated through multiple cell divisions 21 . Our pre vious analyses have shown that replacement of a portion of the region between the silent matingtype cassettes (referred to as the K region), which includes the cenH heterochromatin nucleation center, with ura4 + (K∆øura4 + ) results in a metastable locus 52 . Cells containing K∆øura4 + display alternate silenced (ura4off) and expressed (ura4 on) epigenetic states. This variegation is due to defects in de novo heterochromatin assembly in K∆øura4 + (ref. 21) . Once established, however, the heterochromatic state is stably inherited in cis 21 . Notably, the cis inheritance of heterochromatin requires binding of Clr4 to H3K9me through its chromodomain 17 .
These studies suggest that preexisting methylated H3K9 provides the initial binding site for Clr4 to establish a feedback loop for the clonal propagation of heterochromatin. This model predicts that fac tors that prevent the loss of methylated histones would be essential for heterochromatin maintenance. We therefore investigated whether cells carrying ura4off and ura4on epigenetic states differ in the Clr3 association and turnover of histones at this locus (Fig. 7) . ChIP exper iments revealed that ura4off cells show considerable enrichment of Clr3 at the K∆øura4 + locus (Fig. 7a) . More importantly, nucleosome turnover was suppressed at the silent matingtype region of ura4 off cells (Fig. 7b) . In contrast, the levels of Clr3 associated with this region were lower in ura4on cells, and these cells showed higher histone replacement (Fig. 7a,b) . The increase in histone replace ment in ura4on cells, as compared with ura4off cells, correlated with the reduction in H3K9me at K∆øura4 + (Fig. 7c) . Together with the observations that loss of Clr3 or the transient treatment of cells with an HDAC inhibitor affects the maintenance of preassembled heterochromatin at the mat locus 26, 53 , these results suggest that the intrinsic nature of heterochromatin to prevent nucleosome turnover through activities such as Clr3 might be linked to the stable propaga tion of these structures. Figure 6 The JmjC domain-containing protein Epe1 promotes histone turnover across the pericentromeric regions. (a) Histone-H3 replacement in Epe1-overexpressing (nmt1-epe1), ago1∆ epe1∆, ago1∆, epe1∆ or wild-type cells, measured by the MNase-ChIP-chip method as in Figure 1 , is shown plotted in alignment with the map of the right pericentromeric region of cen2. (b) RT-PCR analysis of expression at the cen-dh locus in epe1∆, ago1∆, ago1∆ epe1∆ or wild-type cells. Primer sets are specific to centromeric dh repeats (cen-dh) or act1 loading control. (c) TBZ sensitivity of epe1∆, ago1∆, ago1∆ epe1∆ or wild-type cells. Ten-fold serial dilutions of the indicated cultures were grown on rich medium (YEA) in the presence (10 µg ml −1 ) or absence of TBZ.
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DISCUSSION
The heterochromatin assembly pathway is highly conserved in eukaryotes from fission yeast to humans. The repressive heterochro matin defined by methylation of H3K9 and associated HP1 proteins possesses the ability to spread across chromosomes and to be epige netically transmitted through mitotic and meiotic cell divisions 6, 8, 21 . HP1 proteins recruit various effectors including chromatinmodifying activities that modulate chromatin structure 2 . In S. pombe, the loss of HP1 proteins and their associated activities causes defects in nucleo some occupancy and defective heterochromatic silencing 27, 30, 40 . However, changes in steadystate nucleosome patterns are restricted to a few discrete sites 30, 40 , and the mechanism for global repression across heterochromatin domains has remained unclear.
Our results define a critical feature that differentiates heterochro matin from euchromatin and also provide important insights into transcriptional repression and the propagation of heterochromatin domains (Fig. 8) . We found that the Clr3 HDAC, which can be tar geted by multiple mechanisms, depending upon the chromosomal context 26, 27, 45 , is required to suppress histone turnover across het erochromatin. Loss of Clr3 or factors involved in its localization, such as Clr4, affect acetylation of histones at heterochromatic loci 54 ( Supplementary Fig. 8) . Therefore, deacetylation of a combination of histone residues may prevent histone turnover by nucleosome remodeling factors that require acetylated histones 55 . In addition, Clr3 affects the subnuclear localization of certain target loci, and this spatial reorganization correlates with changes in chromatin struc ture 56 . Therefore, it is possible that Clr3 may also affect nucleosome dynamics by modulating genome organization.
RNAi components and Clr4, which recruit HP1 proteins, also affected histone turnover (Fig. 2) . Oligomerization of HP1 bound to H3K9me may help bridge nucleosomes 57 to prevent histone exchange. Alternatively, the effects of H3K9me-HP1 might be mediated through associated effectors such as SHREC [26] [27] [28] [29] . Notably, the loss of Clr4 or HP1 has little effect on histone turnover at the mat region, where HDACs can be recruited by alternative mechanisms 26, 45 . Other factors are also likely to affect histone turnover, such as Spt6, a chromatin assembly factor that affects heterochromatic silencing 58 . Asf1-HIRA facilitates histone deacetylation by HDAC Clr6, which together with Clr3 is essential for hypoacetylation of histones at heterochromatic loci 30 . Because Asf1-HIRA also associates with HP1, the nucleosome turnover observed upon loss of Clr4 or RNAi most probably reflects the cumulative effects of defective localization of SHREC and other effectors. Indeed, histone exchange levels observed at the centromeres of clr4∆ cells are higher than those of clr3∆ cells (Figs. 2a and 4b and Supplementary Fig. 2 ), which suggests additional functions for Clr4 and/or its associated factors in this process.
How does histone turnover affect epigenetic stability of hetero chromatin and silencing? The retention of histones decorated with H3K9me is predicted to be critical for the recruitment of Clr4 through its chromodomain 17 to modify newly assembled nucleosomes, thus promoting the parental histonemodification pattern and clonal propagation of heterochromatin in cis. We note that Clr3 is essen tial for suppression of nucleosome turnover as well as for transmis sion of epigenetic information and propagation of heterochromatin. Nucleosome stability also affects the accessibility of the underlying DNA sequences to the transcription machinery 34, 36, 38, 39, 46 , and the increased histone exchange in heterochromatin mutants may provide access to transacting factors, including transcriptional machinery, that manifest in loss of silencing. In this respect, heterochromatin partially resembles the chromatin at open reading frames of genes in which the suppression of histone exchange prevents activation Figure 8 Model showing effects of factors that affect the epigenetic stability of heterochromatin. HDAC recruited by HP1 or other mechanisms is required to suppress nucleosome turnover and promote epigenetic stability of heterochromatin. In contrast, Epe1, which also associates with Swi6 (HP1), stimulates histone exchange. The balance between these opposing activities that affect nucleosome turnover may underlie the epigenetic switch between 'off' and 'on' states. A r t i c l e s of transcription from cryptic promoters 48 . Indeed, factors such as Asf1-HIRA and Clr6 HDAC affect both heterochromatic silencing and suppress cryptic promoters within genes 30, 59 . Our analyses also revealed that the JmjC protein Epe1, which counteracts the silencing effects of HDACs 31, 51 , promotes histone turnover. The loss of Epe1 suppressed not only the elevated histone H3 exchange present in RNAi mutants but also the pericentromeric silencing (Fig. 6) . In contrast, overexpression of Epe1 increased his tone replacement across heterochromatin domains and impaired silencing at these loci. These observations provide a notable functional link between histone turnover and heterochromatin silencing and argue that JmjC proteins, in addition to their roles in demethylation of histones, may remodel chromatin by affecting histone turnover 49 . The increased turnover of histones promoted by Epe1 may facilitate lowlevel transcription of heterochromatic repeats 31 , which is neces sary to produce precursors for siRNAs required for heterochromatin assembly. Epe1 has also been shown to remodel heterochromatin at specific loci in response to signals that induce sexual differentia tion 9 , which indicates that programmed histone turnover may serve to modify epigenomic profiles during development.
Our observations indicate that the opposing activities of HDAC and Epe1 that associate with HP1 proteins regulate heterochromatic silencing by modulating histone turnover across these domains (Fig. 8) . Notably, pericentromeric heterochromatin is required for the proper localization of CENPA nucleosomes involved in kineto chore assembly 60 . It is conceivable that heterochromatin enriched in HDACs indirectly stabilizes CENPA nucleosomes by suppressing nucleosome turnover across the pericentromeres, thereby preventing promiscuous incorporation of CENPA. Moreover, hypoacetylation of histones is the most conserved feature of silenced chromatin among diverse species 2, 4, 5 . Components of different silencing mechanisms, such as Polycomb, have been found to associate with HDACs, and notably, these activities map to regions exhibiting low histone turn over 39 . Therefore, it is possible that the inhibition of histone turnover by distinct silencing effectors will emerge as a unifying theme for maintaining epigenetic memory in all systems. Future investigations into the mechanisms that regulate histone turnover are expected to shed light on the dynamic control of heterochromatin and the organi zation of the genome into distinct chromatin domains.
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